The polynuclear ion formation in aqueous solutions of metal salts is mimiced by the intercationic association interaction. The statistical mechanics of such ionic model is solved using multidensity associative formalism. The theory predicts a signi cant in uence of the polynuclear ion formation on the thermodynamics and structure properties of electrolyte solutions in a wide range of concentrations including very dilute concentration regions.
Introduction
Aqueous electrolyte solutions are ion-molecular systems rather complicated for theoretical treatment. Water actually plays a double role here. It behaves as a solvent with a high static dielectric constant which favors the dissociation of ionic species. On the other hand, water is a -donor molecule which reacts as a nucleophilic ligand with ions. Such ion-water chemical reactions are known as hydrolysis and convert ions into new ionic species. Among those new species polynuclear ions are formed due to the partial hydrolysis of the aqueous solution of polyvalent metal cations, such as some elements belonging to the p (B 3+ , Al 3+ ), d (Fe 3+ , Zr 4+ , Cr 6+ ; :::) or f (such lanthanides and actinides as Tr 4+ , U 4+ , Pu 4+ , : : :) groups 1] . The nature of these species is of the fundamental interest in inorganic solution chemistry and of particular importance in many areas ranging from nuclear technology (gel fuel, radioactive contamination, aqueous corrosion) to environmental chemistry (soil science, mineral dissolution, etc.) 2]. Polynuclear ions are frequently the precursors of the formation of larger colloidal oxide particles, also known as sols which are of considerable technological importance 3]. The investigation of polynuclear ions is also important in connection with the Chornobyl accident, which enables the nuclear fuel to penetrate outside the reactor. As a result, the formation of aqueous solutions with such actinides as U and Pu becomes possible 4].
The hydrolysis of metal cations was rst studied by N.Bjerrum at the beginning of the 20th century 5]. However, despite their considerable importance, studies of polynuclear ions in aqueous solutions with the use of modern physico-chemical techniques have been scarce. A certain limited amount of information about the size, structure and di usion behaviour of polynuclear ions was obtained during the last decade from a combination of light and neutron scattering techniques 6]. Up till now the formation of polynuclear hydrolysis products in theoretical studies has almost been c M.F. Holovko, 1997 ignored. In the traditional ion approach general attention is focused on the account of the e ects of ionic screening, the size of ions and ionic pairing [7] [8] . In a more consistent ion-molecular approach the attention is focused on the explicit consideration of the in uence of the solvent structure on the properties of electrolyte solutions, the investigation of the role of hydrogen bonds and consistent description of ionic solvation e ects [8] [9] [10] . However, the e ects of hydrolysis has never been discussed in the both theoretical approaches.
The modelling of the in uence of hydrolysis and polynuclear ion formation e ects on the properties of aqueous electrolyte solutions within the framework of the ionic approach will be the subject of the present article. In our study we will consider the simplest primitive electrolyte model (the model of charged hard spheres) with an additional associative interaction between cations. This associative interaction is speci ed in such a way that cations will form linear chains or more complex polynuclear ions upon association. The description of this model will be carried out within the framework of the multidensity formalism developed recently in the theory of associating uids [11] [12] [13] [14] . We will show that the in uence of the polynuclear ion formation on the thermodynamics and structure properties of electrolyte solutions is important including a very dilute ionic concentration region.
The article is organized as follows. The mechanisms of cation hydrolysis and polynuclear ion formation in aqueous solution of metal salts are reviewed in the second section. In the third section an associative ionic model for the electrolyte with polynuclear ions is introduced and theoretical methods of the description of this model are presented. In the fourth section the discussion of the results is given. In the last section our conclusions are formulated.
Cation hydrolysis and polynuclear ion formation
Hydrolysis or, more general, solvolysis is a substitution reaction of the solute with the solvent. The cation hydrolysis involves a stepwise process which begins within the creation of solvated aquo-ions according to the following scheme:
where Z + is the valency of cation M Z+ and n is the number of water molecules bounded to the cation (hydration number).
The solvation of the metal ions of p, d or f groups leads to the formation of a partially covalent bond. A partial charge transfer occurs from the bonding orbital of the water molecule to the empty p, d or f orbitals of the cation. The positive partial charge on the hydrogen atoms then increases and water becomes more acidic. The rst step of hydrolysis leads to the creation of the mononuclear hydroxo ions Such a sequence of hydrolytic and condensation reactions leads, under the conditions of the metal hydroxide over-saturation, to the formation of colloidal hydroxy polymers which can eventually form hydroxide or hydrous oxide precipitates. This tendency for the cation hydrolysis involving the coordination of OH ligands, which act as electron pair donors, increases with the acidity or charge density of the metal ion. Consequently, ions of a small ionic radius and high charge are extensively hydrolysed in the solution. The tendency to hydrolysis can be generalized for a wide range of cations, as demonstrated in gure 1. 6] In this gure the dependence of the rst hydrolysis constant K 1 (for reaction 2.2) on the ratio of the charge to the M-O distance (Z/d) is shown. The tendency to the cation hydrolysis is also paralleled by the ease of the polynuclear ion formation. Thus, most trivalent and quadrivalent ions form polynuclear species, whereas this process only occurs with Be 2+ , the smallest of the divalent ions.
As a result of the hydrolysis, with the increase of the acidity or charge density of the cation, the oxo-ions which have only M-O bonds can appear.
In general, the cation hydrolysis converts solvated ion M(H 2 O) n ] Z+ into precursor MO n H 2n?h ] (Z?h)+ , where h is de ned as a molar ratio of the hydrolysis 3]. The precursor can be positive for Z > h, neutral for Z=h and even negative for Z < h. When h=0 the ion has the usual aquo-ion M(H 2 O) n ] Z+ form, while for h=2n it is oxo-ion MO n ] (2n?Z)? . If 0 < h < 2n, the precursor can be either oxo-hydroxo ion MO h?n (OH cations are polymerized, di erent structures can be formed which range from randomly branched polymers to colloidal particles. However, for the simpli cation in this article our consideration will be limited to the simplest case of polynuclear cation chain formation.
The model and theory
In this article the description of aqueous electrolyte solutions is based on the ionic approach in which only the ionic subsystem is considered explicitly. In our approach the ions are represented by ionic complexes MO n H 2n?h ] (Z?h)+ formed as a result of hydrolysis. The e ect of solvent molecules is accounted for semiphenomenologically by introducing the macroscopic dielectric constant " into the Coulomb interaction law and by appropriately choosing the short-range part of the ionic interaction. For the description of the hydrolysis e ects we introduce an additional associative interaction between cations which leads to the formation of polynuclear ions. As a result, the pair interionic interaction includes three terms where U AB ++ are the site-site potentials representing the sticky interaction. Due to the random location of the attractive sites, the model at hand represents a model for associating particles with positively charged ions that polymerize into the freely-joined tangent charged hard-sphere linear chain ions. Description of the model in question can be carried out within the framework of the modern theory of associating uids 11-14] which incorporates two types of the calculation methods: the thermodynamic perturbation theory for the free energy and the integral equation for correlation functions.
Thermodynamic perturbation theory.
In this approach the restrictive primitive electrolyte model is considered to be the reference system and the association contribution is treated using the thermodynamic perturbation theory. As a result, the free energy can be represented as a sum of four terms: A = A id + A hs + A el + A bound ; (3.3) where A id is an ideal term, A hs is a hard sphere contribution, A el is an ionic term and A bound is an association contribution.
We also have the same form for the pressure and chemical potentials of the system p ckT = c @ @c A NkT = (p hs + p el + p bound ) ckT (3.4) c a a = c a @ @c a A V = c a ( id a + hs a + el a + bound a ):
The hard sphere and electrostatic contributions are given by the Carnahan-Starling equation and by the mean spherical approximation correspond- is the contact value of the cation-cation distribution function for the restrictive primitive model.
The integral equation theory
The integral equation theory for associative uids is based on multidensity version of the Ornstein-Zernike (OZ) equation [13] [14] . In the case of associating cations with independent attraction sites the correlation functions can be orientationally-averaged independent over the orientation of each attractive site. The orientationally-averaged version of the multidensity OZ equation can be written in terms of the orientationally-averaged partial correlation functions h ab (r) and c ab (r) h ab (r) = c ab (r) + X Z c ac (r 0 )c c h cb (j r ? r 0 j) r' . ; (3.12) where h ab (r) are the matrices de ned by h ++ (r) = (3.14) where m is the mean chain length de ned by equation (3.9) 
Results and discussion
It is known 7, 8] Using the theory presented in the previous section, we have evaluated the in uence of cation hydrolysis and polynuclear ion formation on the thermodynamic and structure properties of aqueous electrolyte solutions. Both the thermodynamic perturbation theory and the integral equation theory yield qualitatively similar thermodynamic properties. The integral equation method needs more numerical e orts in comparison with the thermodynamic perturbation theory. But it gives, in addition to the thermodynamic properties, the pair distribution functions which characterize the structure of the ionic subsystem. The numerical solution of the OZ equation in PHNC approximation is obtained using the direct iteration method in 16]. Below we consider only some results obtained in 16] to illustrate the in uence of hydrolysis on the properties of aqueous electrolyte solutions.
We consider here two examples which correspond to the polynuclear ion formation for cations Al 3+ and Zr 4+ . The properties of other solutions of metal salts will be similar. For example, since the rst hydrolysis constant U 4+ and Pu 4+ has nearly the same value as for Zr 4+ (see gure 1) we can expect that aqueous solutions with these actinides will have the similar properties as the solution with Zr 4+ . As it was shown by Ramsay 6] The in uence of the polynuclear ion formation on the activity and osmotic coe cients is illustrated in gure 4. One can see that with the increase of the interactionic association the deviations from the behaviour of the restrictive primitive model strongly increase, which is explained by increasing the mean chain length of polynuclear ions. With the increase of the ionic concentration the value of m also increases and a deviation from the ionic restrictive primitive model behaviour increases, however more slowly for 
Conclusions
In this paper the mechanisms of the cation hydrolysis and polynuclear ion formation in aqueous solutions of metal salts are reviewed. For the description of the in uence of this phenomena on the properties of electrolyte solutions we expand usual ionic models by including the additional associative interaction between cations which leads to the formation of polynuclear ions. Our approach is based on the multidensity formalism developed in the modern theory of associating uids. The in uence of polynuclear ion formation is characterized by the mean chain length m which has the similar dependence on the ionic concentration as the inverse Debye length . We have shown that the in uence of the polynuclear ion formation on thermodynamics and structure properties of electrolyte solutions can be very important in a wide range of concentrations, including a rather dilute concentration region of 10 ?6 mole/l, when polynuclear ions begin to form.
As a result of the formation of polynuclear ions, the intracationic distribution function g intra ++ (r) appears in the cation-cation distribution function g ++ (r). Since all the distribution functions are connected due to the local electroneutrality condition, such a change of g ++ (r) automatically leads to the corresponding changes of g +? (r) and g ?? (r).
